We show extensive 2μ sequence variation in Saccharomyces cerevisiae and in other species of Saccharomyces and 2μ associations with S. cerevisiae populations, clinical origin and genotypes.
INTRODUCTION
2μ plasmid is a circular, multicopy, selfish genetic DNA element associated with the Saccharomyces cerevisiae genome. The canonical 6318 base pair 2μ plasmid contains four open reading frames (ORFs; FLP1, REP1, REP2, RAF1) and four cis-acting loci (an origin of replication (ORI); a stability (STB) locus; and 599 bp inverted repeats containing 48 bp Flp Recombination Targets (FRT)) (Futcher 1988; Jayaram et al. 2004; Chan et al. 2013) . 2μ sexual/non-Mendelian inheritance, stability, site-specific re-combination and copy number control in S. cerevisiae have been extensively studied; for reviews, see Futcher (1988) , Jayaram et al. (2004) and Chan et al. (2013) . 2μ is not present in all S. cerevisiae strains (Nakayashiki et al. 2005; Kelly et al. 2012 ) and exhibits sequence variation (Neuville, Bonneu and Aigle 1990; Wei, Pelcher and Rank 1991; Xiao, Pelcher and Rank 1991a,b; Rank, Xiao and Arndt 1994; Xiao and Rank 1996) . Thus, 2μ presence/absence and sequence variation are both components of S. cerevisiae genetic variation and potentially so in other Saccharomyces species.
In this work, we describe for the 100-genomes S. cerevisiae strains (Strope et al. 2015) the presence/absence of 2μ and, where present, variation in 2μ copy number and sequences. We also examine the publicly available genome sequences of other Saccharomyces species to determine the presence/absence of both extrachromosomal and integrated 2μ; to establish 2μ phylogenies; and to assess the interspecific transfer of 2μ. Finally, we describe for the 100-genomes strains nuclear genotype, clinical/non-clinical origin and population associations with 2μ variation.
METHODS 2μ presence/absence, assembly, copy number determination and genotype class
We sequenced 93 of the 100-genomes strains (Strope et al. 2015) and, by high read depth relative to single copy chromosomal genes, identified 67 as containing extrachromosomal 2μ; see Strope et al. (2015) for sequencing methodology. In brief, using the de novo assembler ABySS (v. 1.3.4), with parameters 'k': the k-mer length, 'n': the minimum number of pairs needed to join contigs, and 'c': the minimum mean k-mer coverage of a unitig, optimized for each strain, we assembled the 2μ from the 67 strains. We determined extrachromosomal 2μ copy number of these 67 2μ-containing strains by read depths relative to single copy chromosomal genes. The remaining seven of the 100genomes strains were sequenced in other studies: S288c (Goffeau et al. 1996) , 1278b (Dowell et al. 2010) , SK1 (Nishant et al. 2010) , YJM789 (Wei et al. 2007 ), M22 (Doniger et al. 2008 ), RM11 (RM11 2004 ) and YPS163 (Doniger et al. 2008) . The 100-genomes strains listed in Table S1 (Supporting Information) have been deposited in and should be requested from the Fungal Genetics Stock Center (http://www.fgsc.net).
After the assembly of the 2μ sequences from the 2μcontaining 100-genomes S. cerevisiae strains, we manually converted the sequences to the same conformation as the reference S288c 2μ sequence in Saccharomyces Genome Database (SGD). We used BLAST (Altschul et al. 1990 ) and ssearch36 (Smith and Waterman 1981) to identify gene sequences in these assembled 2μ. Each of the four genes were extracted to build separate multiple alignments and phylogenies. Because the REP1-RAF1 and REP2-FLP1 pairs of gene phylogenies had similar topology (data not shown), we took those pairs of genes, and the intergenic sequence between those two genes, and built phylogenies. Specifically, for each of the 2μ-containing strains, sequences were gathered using blast hit coordinates for the REP1-RAF1 (S288c coordinates: 1887-3816 base pairs) and REP2-FLP1 (S288c coordinates: 5308-6318 and 1-1523 base pairs) gene pair regions. Sequence extraction and concatenation (for REP2-FLP1 sequences) was done using the EMBOSS tools seqret and union, respectively. Thus, we generated two 'half circles', consisting of the 3 end of RAF1 to the 3 end of REP1 (REP1-RAF1) and the 3 end of FLP1 to the 3 end of REP2 (REP2-FLP1). Multiple alignments were made using MAFFT (Katoh and Standley 2013) . Phylogenies were estimated using neighbor joining in Clustal-w2 (Larkin et al. 2007) .
We also assessed the presence/absence of 2μ by PCR (2m-F3: TGCATGATTAACTTCGAGAAGGG and 2m-R3: AAAGGACAAG-GACCTGAGCG; RW319: GCCCTCAGTGATGGTGTTTT and RW320: CGTAAGCGTCGTTACCCAAT [Nakayashiki et al. 2005] ) in the seven strains that we did not sequence. By both PCR and the absence of sequence reads, we found RM11 and YPS163 to lack 2μ. By both PCR and the presence of sequence reads, we found 1278b, SK1 and M22 to contain 2μ, which we assembled. For the S288c background, which by PCR contains 2μ, we used the 2μ sequence in the SGD and in Hartley and Donelson (1980) . For the YJM145 background, which is isogenic with YJM789 (Wei et al. 2007) , PCR results showed that it contained 2μ. However, examination of YJM789 genome sequence data failed to identify 2μ sequences, which may be a consequence of the library preparation and/or sequencing technology. Because YJM145 is isogenic with YJM789 (Wei et al. 2007 ) and a segregant of YJM128 (McCusker et al. 1994) , we used YJM128 sequence data (Magwene et al. 2011) to assemble 2μ. As 2μ interconverts between two forms by Flpmediated recombination at FRT sites (Futcher 1988; Jayaram et al. 2004; Chan et al. 2013) , we assembled all 2μ into one form (Fig. 1 ). We screened short read archives and assembled sequences for extrachromosomal 2μ sequences from S. paradoxus (Liti et al. 2009; Bergstrom et al. 2014) , S. kudriavzevii (Hittinger et al. 2010; Scannell et al. 2011) , S. arboricolus (Liti et al. 2013) , S. mikatae (Scannell et al. 2011) and S. uvarum (Kellis et al. 2003; Libkind et al. 2011; Scannell et al. 2011; Almeida et al. 2014) , as well as S. eubayanus and the hybrid taxon S. bayanus (Cliften et al. 2003; Libkind et al. 2011; Almeida et al. 2014; Bing et al. 2014; Baker et al. 2015) . In contrast to extrachromosomal 2μ, which is present in high copy number relative to single copy chromosomal sequences, 2μ sequences integrated into chromosomes should be present in approximately 1:1 ratio with known single copy chromosomal genes. On this basis, we screened for 2μ sequences integrated into nuclear chromosomes of S. cerevisiae and the other listed Saccharomyces species.
2μ genotype-phenotype and 2μ genotype-genotype associations in the 100-genomes strains
We tested for associations between previously described phenotypes of the 100-genomes strains (Strope et al. 2015) and three aspects of 2μ genetic variation: 2μ presence/absence; 2μ genotype class; and, in the 67 2μ-containing 100-genomes strains with known copy number, 2μ copy number above/below median estimated copy number of 23. When testing 2μ presence/absence, we considered all of the 100-genomes strains. When testing 2μ genotype class, we excluded class C (n = 3) and included classes A (n = 46) and B (n = 23). When testing 2μ copy number, we considered only the 67 2μ-containing strains from our previous study (Strope et al. 2015) . The program GEMMA version 0.94beta (Zhou and Stephens 2012) was used to conduct association tests. This program takes a linear mixed model approach to controlling population structure using a relatedness matrix (constructed from genotype data using GEMMA) constructed from 171 345 biallelic SNPs with minor allele frequency >5%, as previously described (Strope et al. 2015) . We also tested for associations between the three aspects of 2μ genetic variation detailed above and genotypes at nuclear biallelic SNPs. The number of SNPs tested varied between 125 721 and 157 892 depending on the subset of strains assayed (the same subsets as explained above; only considering biallelic SNPs with minor allele frequency >5%). We examined associations with a P-value lower than an approximate Bonferroni threshold of 4 × 10 −7 (following Strope et al. 2015) .
Assessing differences in 2μ presence, copy number or genotype class between 100-genomes strains varying in clinical origin or population
We tested whether 2μ presence, copy number or genotype class were associated with strains of particular population ancestry or clinical/non-clinical origin. Tests were conducted in R 2.15.1
Class A (n = 46; S288c-type) 
RESULTS

Extrachromosomal and integrated 2μ in the 100-genomes S. cerevisiae strains and in other Saccharomycesspecies
We determined the presence/absence of extrachromosomal 2μ in the 100-genomes S. cerevisiae strains and found 72 2μcontaining strains (Table S1, Supporting Information). For the 67 2μ-containing S. cerevisiae strains sequenced by us (Strope et al. 2015) , we determined that 2μ copy number ranged from approximately 11 to 68 copies (median = 23) and that 2μ size ranged from 6094 to 6347 bp (Table S1, Supporting Information). We also determined extrachromosomal 2μ presence/absence in the genome sequences of 30 S. paradoxus strains (Liti et al. 2009; Bergstrom et al. 2014) , 19 S. kudriavzevii strains (Hittinger et al. 2010; Scannell et al. 2011 ) and 58 S. uvarum strains (Kellis et al. 2003; Libkind et al. 2011; Scannell et al. 2011; Almeida et al. 2014) , one S. mikatae strain (Scannell et al. 2011) , one S. arboricolus strain (Liti et al. 2013) as well as two S. eubayanus and four S. bayanus strains (Cliften et al. 2003; Libkind et al. 2011; Almeida et al. 2014; Bing et al. 2014) . Extrachromosomal 2μ is present in S. eubayanus and in the hybrid taxon S. bayanus, whereas it was absent in the S. mikatae and S. arboricolus strains. The 2μ sequence we assembled from S. eubayanus strain CBS12357 (SRR1613385), is 100% identical to the recently published 2μ of FM1318 (Baker et al. 2015) , a derivative of CBS12357. In contrast to its frequent presence in S. cerevisiae and S. uvarum strains, extrachromosomal 2μ is almost or entirely absent from the S. paradoxus and S. kudriavzevii strains, respectively (Table 1) .
We also screened for 2μ sequences integrated into chromosomes of Saccharomyces species. We found no integrated 2μ sequences in any of the S. cerevisiae or S. paradoxus strains. While we found REP2-FLP1 2μ sequence integrated only in S. mikatae, which had been noted earlier in the same strain (Frank and Wolfe 2009), we found REP1-RAF1 2μ sequences integrated in some strains of S. uvarum, S. kudriavzevii and S. bayanus (Table S1, Supporting Information). The REP1-RAF1 2μ in- Table 1 . List of Saccharomyces species that were examined for the presence/absence of 2μ sequence. The total number of strains for each species and the number of strains with 2μ sequences present are listed. Genome sequences examined: S. cerevisiae (Strope et al. 2015) ; S. paradoxus (Liti et al. 2009; Bergstrom et al. 2014) ; S. kudriavzevii (Hittinger et al. 2010; Scannell et al. 2011) ; S. uvarum (Kellis et al. 2003; Libkind et al. 2011; Scannell et al. 2011; Almeida et al. 2014) ; S. mikatae (Scannell et al. 2011) ; S. arboricolus (Liti et al. 2013) ; S. eubayanus and S. bayanus (Cliften et al. 2003; Libkind et al. 2011; Almeida et al. 2014; Bing et al. 2014) .
Species
No . 2μ phylogenies in the 100-genomes S. cerevisiae strains and in other Saccharomyces species
As described in Methods, we generated REP1-RAF1 and REP2-FLP1 'half circles' that we used to create separate phylogenies. We found two classes of each half circle that occurred in three combinations to establish genotype classes A, B and C (Table S1, Supporting Information; Fig. 1 ). The structure of class B 2μ is consistent with one of two possible Flp-mediated recombination products between genotype classes A and C. We compared the extrachromosomal S. cerevisiae 2μ REP1-RAF1 and REP2-FLP1 sequences with extrachromosomal 2μ REP1-RAF1 and REP2-FLP1 sequences from other Saccharomyces species (Fig. 2) . The extrachromosomal S. eubayanus 2μ is distinct from all other extrachromosomal 2μ. The extrachromosomal S. paradoxus 2μ is most closely related to, but is distinct from, S. cerevisiae class A extrachromosomal 2μ. In addition to its presence in S. cerevisiae, we found extrachromosomal class A 2μ in the 2μ-containing S. uvarum and S. bayanus strains (Table S1, Supporting Information; Fig. 2) , consistent with interspecific transfer.
Consistent with S. bayanus being an interspecific hybrid with one parent being S. uvarum (Libkind et al. 2011; Almeida et al. 2014) , the chromosomally integrated REP1-RAF1 2μ sequences of S. uvarum and S. bayanus are equivalent. However, the chromosomally integrated REP1-RAF1 2μ sequences of S. uvarum/S. bayanus and S. kudriavzevii are distinct from each other, consistent with separate integration events of distinct 2μ, and are also distinct from all of the extrachromosomal 2μ, consistent with their being other as yet unidentified extrachromosomal 2μ ( Fig. 2A) . Similarly, the nuclearly integrated REP2-FLP1 sequence in S. mikatae is distinct from all other integrated and extrachromosomal 2μ sequences (Fig. 2B ).
2μ associations in the 100-genomes strains
We found no associations between extrachromosomal 2μ genotype class and 2μ copy number; we also found no associations between phenotypes previously measured in the 100-genomes strains (Strope et al. 2015) and extrachromosomal 2μ genetic variation (presence, genotype class). However, we found associations between extrachromosomal 2μ presence and genotype class with nuclear genome SNP genotypes in the 100-genomes strains (Table S2 , Supporting Information).
We found 2μ presence to be associated with S. cerevisiae populations and that 2μ genotype classes were non-randomly distributed between populations (Bonferroni-corrected P = 3.18 × 10 −5 and 4.86 × 10 −8 , respectively). Specifically, nearly all S. cerevisiae strains possessing extrachromosomal 2μ plasmid were wine/European population or mosaic group strains, including 90% (37/41) of wine/European population and 72% (33/46) of mosaic group strains. In contrast, only two of five West African population strains and no strains from any other population possessed extrachromosomal 2μ. Among strains with 2μ, 94% (35/37) of wine/European strains were genotype class A, while 64% (21/33) of mosaic strains were genotype class B. The three class C-containing strains, YJM1400, 1401, 1479, are closely related mosaic group strains isolated from fruit in the Philippines.
Finally, we tested for 2μ associations with clinical/nonclinical origin and found significant differences between clinical and non-clinical strains (Bonferroni-corrected P = 0.0019 and 0.0035, respectively). Specifically, while clinical strains lacking 2μ are uncommon in our dataset (9.5%, 4/42), a significantly larger fraction of non-clinical strains lack 2μ (42%, 24/57). Most non-clinical strains with 2μ (n = 33) possess genotype class A (79%, 26/33), while clinical strains with 2μ (n = 39) are approximately evenly divided between genotype classes A (n = 20) and B (n = 19).
DISCUSSION
We placed the 72 extrachromosomal 2μ plasmids found in the 100-genomes S. cerevisiae strains into genotype classes A, B and C (Fig. 1) . Class C 2μ, which we found in three closely related mosaic group strains, may be present in an under-represented or unsequenced population of S. cerevisiae or may have introgressed from an under-represented or unsequenced species of Saccharomyces. Class A 2μ (n = 46) is found primarily in the wine/European population while class B 2μ (n = 23) is found mostly in the 'outbred' mosaic group. The wine/European population is the largest contributor to the outbred mosaic group genomes (Strope et al. 2015) . We hypothesize that class B 2μ arose from an Flp-mediated recombination event between a class A 2μ, possibly from a wine/European strain, and a class C 2μ, which is consistent with the frequent presence of class B 2μ in the outbred mosaic group.
In the 100-genomes strains, the 2μ presence and genotype class associations with SNP genotypes (Table S2 , Supporting Information), which have no known biological relevance to 2μ, may be due to population structure. We also found 2μ presence and genotype class associations with populations and with clinical/non-clinical origin. In the case of clinical origin, given that all clinical strains belong to the mosaic (63%, 27/43) group or wine/European (37%, 16/43) population (Strope et al. 2015) , the 2μ-clinical origin associations may reflect the population differences in 2μ presence and genotype classes. We hypothesize that 2μ presence and genotype class associations with populations may reflect population history and outcrossing frequencies in different S. cerevisiae populations.
In addition to S. cerevisiae, we screened genome sequences for extrachromosomal 2μ in S. uvarum (58 strains), S. paradoxus (30 strains), S. kudriavzevii (19 strains) and S. eubayanus (2 strains), S. mikatae (1 strain), S. arboricolus (1 strain), as well as the hybrid taxon S. bayanus (4 strains), finding four extrachromosomal 2μ lineages ( Fig. 2A) . While we cannot determine directionality, the presence of class A 2μ in S. cerevisiae and in S. uvarum is clear evidence of introgression. Among multiple sequenced S. uvarum strains, only three strains had nuclear chromosomal introgressions from S. cerevisiae (Almeida et al. 2014) . When we searched introgressions in our S. cerevisiae genome sequences (Strope et al. 2015) for S. uvarum introgressions, we found none. Such results suggest that, at least for the S. cerevisiae-S. uvarum species pair, 2μ may introgress more readily than nuclear chromosomes, possibly similar to what has been described in S. cerevisiae heterokaryons (Sigurdson, Gaarder and Livingston 1981) . In contrast, as described in our initial description of the 100genomes strains (Strope et al. 2015) , we found many S. paradoxus introgressions in S. cerevisiae. In this work, we find a 2μ in only one S. paradoxus strain, which is distinct from all 2μ found in S. cerevisiae. Such results suggest that, at least for the S. cerevisiae-S. paradoxus species pair, 2μ may introgress less readily than nuclear chromosomes.
What is perhaps surprising is why 2μ, with its sexual/non-Mendelian inheritance and low loss rate of 10 −4 -10 −5 in S. cerevisiae (Futcher 1988; Chan et al. 2013) , is not present in all members of a Saccharomyces species and/or in all species of Saccharomyces. In S. cerevisiae, experimental integration of 2μ into specific chromosomes in the nuclear genome of strains containing extrachromosomal 2μ results in chromosome-specific genome instability (Falco et al. 1982; Falco and Botstein 1983; Wakem and Sherman 1990) . Thus, one hypothesis is that integrated 2μ could be responsible for the absence of extrachromosomal 2μ in some but not all strains of a species or for the absence of extrachromosomal 2μ in a species. However, we found no integrated 2μ sequences in the S. cerevisiae or S. paradoxus strains. Similar to some other yeast species (Frank and Wolfe 2009) , we identified REP1-RAF1 2μ sequences, with sequence identity >70% with S288c 2μ sequence, integrated in 3 of 19 S. kudriavzevii and in 47 of 58 S. uvarum strains (Table S1 , Supporting Infor-mation; Fig. 2A) , and REP2-FLP1 2μ sequence integrated in S. mikate (Table S1, Supporting Information; Fig. 2B ). However, of the 13 extrachromosomal 2μ-containing S. uvarum strains, all contain integrated REP1-RAF1 sequences (Table S1, Supporting Information). We suggest that integrated 2μ sequences are unlikely to be responsible for the absence of extrachromosomal 2μ in some strains of a species, such as S. cerevisiae, S. paradoxus, or S. uvarum, or for the absence of extrachromosomal 2μ in all sequenced strains of a species, such as S. kudriavzevii. Instead, we suggest that the absence of extrachromosomal 2μ may be due to strain-specific and/or species-specific fitness costs of extrachromosomal 2μ, which may be Mendelian (Holm 1982a,b) or quantitative in nature.
Despite the absence of integrated 2μ in S. cerevisiae, 2μ has a fitness cost, a 1% reduced growth rate (Futcher and Cox 1983; Mead, Gardner and Oliver 1986; Futcher 1988; Futcher, Reid and Hickey 1988; Harrison et al. 2012) , which likely contributes to the absence of 2μ in some S. cerevisiae strains. The 1% reduced growth rate of 2μ-containing strains may be due to the utilization by 2μ of host nuclear genome-encoded functions for its stability and copy number control (Holm 1982a,b; Sleep et al. 2001; Zhao, Wu and Blobel 2004; Dobson et al. 2005; Hajra, Ghosh and Jayaram 2006; Cui, Ghosh and Jayaram 2009; Sau et al. 2014) . Consistent with its utilization of host nuclear genome-encoded functions to control its copy number, 2μ is lethal in some mutant backgrounds (Holm 1982a,b; Zhao, Wu and Blobel 2004; Dobson et al. 2005) . One factor that could clearly lead to differences in 2μ presence/absence between populations or species of Saccharomyces is differences in the fitness cost of 2μ. In addition, we hypothesize that 2μ presence/absence may reflect species-specific or population-specific differences in outcrossing frequencies or population structure. Both outcrossing frequencies and the extent of population structure vary among Saccharomyces yeasts (e.g. [Johnson et al. 2004; Ruderfer et al. 2006; Liti et al. 2009] ). From a population genetic perspective, both outcrossing and non-random mating (population structure) can influence effective population size (Crow and Kimura 1970) . Since effective population size is an important parameter governing the efficacy of selection (Crow and Kimura 1970) , differences in outcrossing and/or population structure could allow a moderately deleterious polymorphism (such as 2μ presence) to behave neutrally in a population with reduced efficacy of selection.
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